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Abstract

The dissociation equilibrium of carbon dioxide in the sea is discussed with particular emphasis
on the buffering effect of sea water, when changes of the partial pressure of CO, in the gas ;
phase take place. The results are used in a study of the changes of the carbon dioxide content 4
of the atmosphere and the sea that occur as a result of release of CO; to the atmosphere by 5
fossil fuel combustion. It is shown that the steady state considerations given by previous authors
hereby are considerably modified. Thus an increase of the CO, content of the atmosphere of 1=
about 109, as reported by Callendar may be compatible with a Siiess effect of only a few L

percent. Because of the small buffering effect of the sea it seems likely that the biosphere on
land may play a more important role for the changes actually occurring in the atmosphere due
to release of CO, by combustion than previously believed. This problem warrants further
investigation, but already the present treatment indicates that an appreciable increase of the
amount of CO, in the atmosphere may have occurred since last century. This increase will
continue and should be detectable with present techniques for measuring CO, in the atmosphere
within a few years in areas with little or no local pollution due to fossil fuel combustion as in

the Antarctica or on Hawaii.

1. Introduction

Fossil fuel combustion has added considerable
amounts of carbon dioxide to the atmosphere
during the last 100 years. In view of the great
importance of CO, in the atmosphere for main-
taining a radiational balance between the earth

and space it is of great interest to know whether

this output of CO, has caused a significant
increase of the total content of carbon dioxide in
the atmosphere or whether most of it has been
transferred into the oceans. Some twenty years
ago CALLENDAR (1938) could show that most
likely a noticeable increase of the CO, in the
atmosphere had occurred and he has recently
(CALLENDAR, 1958) indicated that this increase

1 The research reported in this paper was partly spon-
sored by the Office of Naval Research through the
Woods Hole Oceanographic Institution. Contribution No.
1025 from the Woods Hole Oceanographic Institution.

in 1955—56 amounted to about 10 % as compared
with an output due to combustion of about 14 %
of the total amount of CO, present in the atmos-
phere (cf. RevELLE and SUess, 1957). His con-
clusions have recently been supported by BRAY
(1959) in a detailed statistical investigation. How-
ever, by studying the C14 distributionin the atmos-
phere and the sea and its variation in the atmos-
phere during the last 100 years as revealed by
the ratio C%/C*2 in wood one has been able to
show that the exchange time between the atmos-
phere and the ocean is about 5 years (CRAIG,
1957, 1958; ReverLE and SUEss, 1957; ARNOLD
and ANDERSON, 1957; RAFTER and FERGUSSON,
1958). It has then been concluded (RevVELLE and
SUEss, 1.c.) that most of the CO, due to combus-
tion has been transferred into the ocean and that
a net increase of CO, in the atmosphere of only
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a few percent has actually occurred. Callendar’s
deduction has therefore been rejected particularly
since the CO, measurements from the 19th
century are indeed very uncertain.

Towards the end of their paper Revelle and
Siless point out, however, that the sea has a
buffer mechanism acting in such a way that a
10 % increase of the CO,-content of the atmos-
phere need merely be balanced by an increase
of about 1 % of the total CO, content in sea
water - to reach a new equilibrium. The crude
model of the sea they used assuming it to be
one well-mixed reservoir of CO,, did not permit
them to study the ‘effect of this process more
in detail.”

The low buffering capacity of the sea men-
tioned by Revelle and Siiess is due to 2 change
in the dissociation equilibrium between CO,
and H,CO; on one hand and HCOj and
CO, ions on the other. An addition of CO,
to the water will change the pH and thereby
decrease the dissociation resulting in a larger
portion of CO, and H,CO, molecules. Since
the pressure of CO, in the gas phase being
in equilibrium with CO, dissolved in water is
proportional to the number of CO, and HyCO4
molecules in the water, an increase of the partial
pressure OCCurs which is much larger (about
12.5 times) than the increase of the total content
of CO, in the water. The change of this equilibri-
um in the sea is almost instantaneous. However,
in course of its cjrculation the ocean water gets in
contact with solid CaCO; on the bottom of
the sea whereby a change towards another
equilibrium takes place. This latter process is
extremely slow and may be disregarded when
discussing changes due to fossil fuel combustion.
Tt will, however, be indicated in section 2 how
this equilibrium is of major interest when being
concerned with processes with a time scale of
several thousand years. ‘

In discussing the consequences of such a shift
in the dissociation equilibrium with respect to
the exchange of CO, between the atmosphere and
the sea and within the sea it is not sufficient to
treat the ocean as one well-mixed reservoir.
We shall instead first follow a suggestion by
Craic (1957) and divide the ocean in two layers.
The upper reservoir, in direct contact with the
atmosphere, is the part of the ocean located
above the thermocline and constitutes about
1/50 of the total sea. This part of the ocean is
well mixed due to wind action and convection.
The remaining part of the ocean, the deep sea,
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is also taken as a well-mixed water body in
direct exchange with the mixed layer above.
Certainly this latter assumption is a poor ap-
proximation to actual conditions but will, as we
shall see, give internally consistant results. In
the first instance we shall neglect the effect of
living matter on the earth but some general re-
marks about the exchange of CO, between ve-
getation and the atmosphere will be given to-
wards the end of the paper.

It is obvious that an addition of CO, to the
atmosphere will only slightly change the COq
content of the sea but appreciably effect the CO,
content of the atmosphere. It is possible to
deduce a relation between the exchange coefficient
for transfer from the atmosphere to the sea and
the corresponding coefficient for the exchange
between the deep sea and the mixed layer. It
turns out that a 10 % increase of the CO, content
of the atmosphere as a result of a total output
due to combustion amounting to 13 % of the
total CO, content of the atmosphere would
result for a residence time of water in the deep
sea of around 500 years. Only a considerably
more rapid turn over of the ocean model yield
appreciably lower values, while the rate of
exchange between the atmosphere and the sea
is much less important.

The change in the dissociation equilibrium in
water resulting from a transfer of CO, to the sea
also effects the C'4 distribution in the three
reservoirs and REVELLE’S and Suess’ (1957)
considerations in this matter are thereby ap-
preciably changed. It is clear that a large percent-
age change of the CO, in the atmosphere and
a comparatively small percentage change in the
sea will yield a C4/C'2 ratio in the sea which is
considerably greater than that of the atmosphere.
The distribution of C* between these two
reservoirs is therefore not in equilibrium any
longer. A transfer of C14 from the sea to the
atmosphere will result. A more detailed study of
this secondary effect reveals that

a) the steady state considerations of COy

exchange between the atmosphere and the sea
as given by Craic (1957, 1958) are somewhat
modified and a likely residence time for CO, in
the atmosphere is 5 years.

b) the Siiess effect would be 3—5 % depending
on the rate of overturning of the sea.

In view of the observed values of the Siiess-
effect being around 3 % in 1954 (before the
hydrogen bomb tests) (cf. BROECKER and WALTON,
1959; pE VRIEs, 1958) the values obtained in this
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analysis are somewhat too large if using a value
for the residence of water in the deep sea of
500 years. One possible explanation of this
discrepancy would be the neglect of the exchange
of CO, between the atmosphere and the bio-
sphere. The main difficulty met when trying to
incorporate this effect is, that we actually do not
know whether a net increase of the amount of
CO, present in vegetation may have occurred due
to a transfer from the atmosphere or whether
the direct influences from man’s activities have
had an effect in the opposite direction. It is clear,
however, that even if no net transfer of CO,
from the atmosphere into living or dead matter
on land has occurred these exchange processes
will modify the estimate of the “Siiess effect”
obtained by merely considering the atmosphere
and the sea. -

2. The CO,-system in the sea

The different components of CO, present in
the sea are CO,, H,CO,;, HCO3 and CO32
As CO, is difficult to distinguish from H,CO,
it is customary to express the sum of these
species as CO,. The sea is also in contact with
ample amounts of solid CaCO; which should be
considered in equilibrium being attained over
several “turnover times” of the sea itself. Another
important jtem in the system is the carbonate
alkalinity, denoted here by A4 which is the sum
of those cations which balance the charges of
HCO3 and CO32 The following average values
for the concentrations of the different components
will be used here:

Cco, =0.0133 mmol x 11 (sum of CO, and
H,CO,)

Crco;=1.90 mmol x 1-1

Ccoy* =0.235 mmol x 11

The sum of all these species is denoted by ECco,
and becomes 2.148 mmol x 1-1. A is given in
mval x 171 and becomes, 4= Chcos +2 Cepre=
=237 mval x 1-1, Now the following relation-
ships can be derived, namely

K, KK
> Ceo, = (1 + C—l +—12—2>Cco,_ 1

m  Cg+
K 2K K, '
4= <€H1—+ * cliIf) Ceo, )

where K; and K, are the first and second dissocia-~
tion constants of H,CO, in sea water and Cy+is

the hydrogen ion concentration. It is convenient
to have the average values of the fractions
within the brackets. They are

KK,
£ =143 218
H+ Cu+

As to calcium carbonate, its solubility product
L, can be written

Ceasr- Cooy2 =L,
or more conveniently

Cp- 1

i 3)
* KK, Cco, (

CCa+” =

and in sea water Cc,e+=10 mmol x 11,
Finally we have for the equilibrium between
the atmospheric CO, and that in sea water

1
Pco, == Cco, 4
[0 4

where « is a proportionality constant and Pco,
is the partial pressure of CO, in the atmosphere.
_The constants K, K,, L, and « are only
functions of temperature and salinity and will be
regarded as constants in the following. We may
therefore consider relations between small varia-
tions in PCO,’ CCO,: ZCC(),, A, CH+ and Ccai-x-.
Using the variational method applied on equa-
tions (1) to (4) one obtains :

02 CCO, . 6CC0, 4

2%Cco, Cco,
9c9 <1+c{<1 +1212Kz)
H+ g+ Chg-
L 8G 5
: 1+K1+K1K2 - ©
CH+ C%—I-}-
J <K1 2K1K2> ;
04  OC, ICH+ \ Cyg+ Cy+
94 _9Cco, , ICu+ \Cu B/ 50 (6)
A~ Ceo, K, 2KK,
CH+ C%—I{"

8Ccar _26Cq:  6Cco, X

Cease Ca+ Cco,

OP co, _
Peo,  Cco,

(8
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First we see that if Pco, varies and the hydrogen
jon concentration were kept constant, the relative
changes would be the same in the sea as in the
atmosphere. As the total amount of CO; in
the sea is about 50 times that in the air, practically
all excess CO, delivered to the atmosphere would
be taken up by the sea when equilibrium has
been established. One cannot, however, assume
that pH i$ uninfluenced by changes in the 2Cco,
of the sea. We may see if any condition can be
imposed upon the alkalinity. Obviously this
should be kept constant if we consider changes
that takes place over a relatively short time
interval, less than the “turnover time” of the sea,
because A is really the concentration of cations
that balance the charges of HCO3 and CO32
If CaCOyj is excluded the sum of these charges
must remain constant. And then we see that any
change in the Pco, will also change Cgu+. From
eq. (5), (6) and (8) we get by putting 64=0

8% Ceo,

(n'-’cog . aCCOE _

12.5
Pco, Cco,

using the numerical values listed earlier. This

tells us that 1 percent change in the total CO,
concentration in the sea would require 12.5
percent change in the atmospheric CO, to main-

tain equilibrium. If we consider only the “mixed -

layer” of the oceans, i.e. the surface layer which
contains about as much CO, as the atmosphere
less than 10 percent of the excess fossil CO, in
the atmosphere should have been taken up by
the mixed layer. It is therefore obvious that
the mixed layer acts as a bottleneck in the
transport of fossil CO, into the deep sea (cf. the
following section).

It may be of interest also to consider the
effect of the CaCO, on the bottom of the oceans;
the effect this may have for the final equilibrium
which is attained after a long time. Then alkalinity
will change by 84=2 6Cc,+ and with this
condition using the whole system of equations
and Ccat:=10 mmol x 172,

8% Ceo,

6P CO, 6C'co2
- z CCOn (1 0)

Pco, Cco. 236
which shows that the sea, given enough time,
has an appreciable buffer capacity for atmos-
pheric CO,. However, in the case of eq. (10)
part of the change of total CO, comes from
dissolution or precipitation of CaCOg and this
has obviously to be subtracted if we want to
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know how much of the excess of atmospheric
CO, the sea ultimately can consume. The amount
that dissolves or precipitates is obviously equal
to 6Cca+e and becomes

(SC(';O2

CO,

0Ccar: = 0.444

Expressed as a part of the total CO, it becomes

(S C‘Caﬁ2 6CCO
=0.206 2 i1
ZCco, Cco, an
Now, rewriting (9) we find
0% Cco, _ 0.424 dCco,
) CCOZ Ccoz

The part of the increase in total CO, that has
come from the atmosphere is therefore

0X.Cco, 62XCco, OCcas 6Cco
A P = ! — =0.238 :
¥Cco, 2Cco, ZXCco, Cco,
(12)
-or

0Pco, 6Cco (62 Cco ) \
e T 4204 | —— 13
Pco, Cco, \ ZCco, (13)

Thus, in equilibrium one percent increase in 2Cco,

obtained from the atmosphere would occur for
a 4.2 percent increase in the atmospheric partial
pressure of CO,. In other words, any excess CO,
put into the atmosphere will ultimately be
distributed so that about 11/, of it goes into
the sea (again assuming the sea contains, 50
times more CO, than the atmosphere) -while
about 1/;, remains in the atmosphere. Of the
part that goes into the sea, 87 percent has taken
part in the reaction '

CaCO, (s) + HyCO, (ag) = Cat? + 2HCO; ™1

The rest has been used to lower the pH of sea
water by the reaction

H,CO,(ag) —>H* + HCO,~

If the turnover time of the sea is of the order of
1,000 years, several thousands of years would be

required to reach equilibrium with the CaCOj *

at the bottom of the sea.

It should finally be noted that, in case atmos-~
pheric CO, was withdrawn by some process,
this would result in precipitation of CaCO; in
the sea.
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3. The exchange of inactive carbon between
the atmosphere and the sea

In order to see more clearly the effect of the shift
in the dissociation equilibrium in the sea we
shall first disregard the role playéd by the bio-
sphere and merely consider the atmosphere and
the sea, the latter composed of two reservoirs.
The top one, the mixed layer, is confined to
the layer above the thermocline and the lower
one, the deep sea, consists of the remainder of
the sea. Both “these rteservoirs as well as the
atmosphere are considered to be well-mixed and
the exchange between them takes place through
first order exchange processes. Introduce the
following notations: -

N;  —=the total amount of C2 and C® in
reservoir i in a state of, equilibrium as
before 1850.

N{  =the total amount of C! in reservoir i in
a state of equilibrium as before 1850.
Nj =the amount of C'? and C!3 in reservoir i

present in the form of CO, or non-
dissociated H,CO3; (only for the ocean)
in a state of equilibrium as before 1850.
=the amount of C* in reservoir i present
in the form of CO, or non-dissociated
H,CO; (only for the ocean) in a state of
equilibrium as before 1850.

W, n, ni, nj’ indicate the deviations from the

equilibrium values given above.

k;_; =exchange coefficient for transfer of C'2
and C'? from reservoir 7 to reservoir j.

ki_; =exchange coefficient for transfer ‘of Cl4
from reservoir i to reservoir j.

Ti-j= 1/k;_ j

(28 ji= 1/k;_ i .
=decay constant for C14

y(f)  =release of C!2 and C'3 due to fossil fuel

combustion as a function of time z.
0 =mean production of C* in the atmos-
phere due to cosmic rays.

The indices a, m and d refer to the atmosphere,
the mixed layer and the deep sea respectively.
The nomenclature is in part very similar to that
used by Craig (1957).

Considering now first conditions for inactive
carbon we obtain the following equilibria

“ka—mNa +km—aern
ka—mNa "km—aNr’n - km—de+ kd—mNd= 0

km - aNp ~ kd—mNd= 0
(14)

=0

dn, ’
,E—a= _ka—mna+km—anm+y(t)

¢ ?
dn ’
_dt'"= Koo mia— ke altvg — kpn— gltm + kg - mtia
dn, -
7:: km—dnm_kd"”‘fld

Notice here particularly that the transfer from
the sea to the atmosphere is put proportional to
N,, and not to the total amount of carbon in the
mixed layer, N,,. On the other hand the transfer
from the mixed layer to the deep sea and vice versa
is due to the motion of water and should there-
fore be proportional to the total amounts of car-
bon present in the two reservoirs, i.e. N,,, and N,
respectively. It should be pointed out here that
an exchange of carbon between various strata
of the ocean also occurs through the motion
of organisms and the settling of dead organic
material and precipitated CaCO4 which is grad-
ually being - dissolved. From a recent paper
by ErikssoN (1958) it can be estimated that
this is about 1/3,000 of the total amount of
CO, in the sea per year. Naturally it is compensat-
ed by an upward flux of dissolved CO,. This
flux is small compared to the advective flux from
deep water which is about the same as the
horizontal transfer of atmospheric CO, in Eriks-
son’s model giving a residence time of =~ 600
years. His paper suggests anyway that the ratio
between advective flux and gravitational is about
5. From (14) we now get

Na

N

Ny

km-d=17 kaom=Pki_m
m

Km-a= koom=oky-m

(15)

Due to combustion a deviation from this equilibri-
um now has occurred, which is governed by the
following set of equations

(16)

In the previous section we found that the follow-
ing relation exists between n,, and n,, (cf. eq. (9))

14

=125 =7 n,, = By,

¥ an

Introducing this expression for n,, into (16) we
obtain a system of three ordinary linear differential
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equations for the three dependant variables #n,,
n,, and ng. Eliminating two of the three variables

we obtain

d3n,- dzn,-
:1?3—+ [(1+ B kg-m+ (1 + B ka-nl rr +
dn;
+ [1 +B1(Z+ ﬂ]ka—mkd—m E=Sl (18)

i=a, md
where

So =" () + [Biaka_m+ (1 + BYea-mly' () +
+ Byoky— k- niy (2)

Sm = ka—in'y,(t) + ka—mkd—my(t)

) Sg = ,Bka—mkd—m')’(t)
(19)

The general solution of (18) is
n; = Cliez'lt + CZ,-ez” + Csi(:‘;"t + P; (20)

where Cy;, Cy; and Cy; are integration constants,
Y Zg and A; solutions to the algebraic equation

A+ [(1 +Bioyks-m+ (1 + Bkg-m 2 +
+[1 # B+ Blka-mka-mh=0 (21)

and P; are particular solutions depending on”
the functions S;. Assuming now that [CRAIG

(1957)]

N,,=1.2 N,
¢ (22)
N; =60 N,
we ‘obtain
N,, N,
Byoe=12.5 — —=10.
. N, N, 10.4
(23)
p=Na_so
Ny,

The values chosen for N, and N, are somewhat
uncertain but as we shall see later, do not influence
the results significantly. The solutions to eq. (21)
then are, due regard taken to the fact that k,_ >

>ky-mandthus (1 + By - kgom+ A +Bkg_m>

> (1 + Byoe+B) kg mka- m Where>> denotes about
two orders of magnitude

1,=0
¢ + Byot + BYka-mbka-m .

B A Bkt (L + Bkam | OV

Ag=—[(1 + Byokg_m + (1 + BYea-ml
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To obtain the particular solutions we have to
specify (2). We shall assume that () may be
approximated by

p(D) =74 (25)

=4.96 N, 104
Yo i (26)
r=0.029 year?!
which fits the values given by REVELLE and SUESS
(1957) for carbon production until today and

also the estimated values to year 2010 with
sufficient accuracy if =0 at 1880 (see table 1).

where

Table 1. CO, added to the at;nosphere by fossil fuel
combustion and a comparison with an analytical
expression

Average amount .
Cumulative total
added per decate added (% of N.)

(% of N,
Decade
d measured ¢
measure or Tyt
Or d 7®) estimated | ©
estimate (since 1860)|(since 1880)

1880—89] 0.54 0.57 1.13 0.57
1890—99) 0.79 0:.77 1.92 1.34
1900—09; 1.27 1.03 3.19 2.37
1910—19; 1.72 1.37 4.91 3.74
1920—29[ 2.00 1.83 6.91 5.57
193039 2.11 2.47 9.02 8.04
1940—49] 2.71 3171 11.73 11.21
1950—59 3.9 44 15.6 15.6
1960—69( 5.4 5.8 21.0 214
1970—79) 7.5 8.0 28.5 29.4
1980—89] 10.5 104 39.0 39.8
1990—99) 14.5 13.7 53.5 53.5
,2000—09] 20.0 19.0 73.5 72.5

Thus we obtain

Sz = '}’o[rz + {Blocka_m + (1 +'ﬂ)kd_,,,}r +
+ Byotkg-mkq_ml€" = YoSa e (27)

Sm =" [ka mt kg mka- m] e = '}’OSmOe"

Sq = YOﬂka—mkd—mert = Y()Sdoert

One then easily finds the particular solutions

Yo S;

p="2_ = . 28

or Sao+Smo+Sdoe (28
i=a, md

In order to determine the three constants Cy; for
each solution n{f) we shall apply the initial
conditions
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Ro=Nu=n3=0
which yields

dn, . dn,,,_dnd
@ v =g =0

d?n ,

d_tza =y~ ka-my(f) (29)
d®n,, . v

an ka-my(t);

a'znd_

dare

These equations are obtained from the system (16)
and also yield

na+n,,,+nd='}—;9(e”—— 1) (30)

As can easily be verified the final solutions of z,,
nn and ng; will be independant of the exact
initial conditions for t > 200 years if the values
for 7,_,, and 7;_,, are of the order of § and 500
years respectively. It also follows that Ag=—2
years™! and that thus the term containing exp
(231) in (20) may be neglected for t>2—3 years.
With due regard taken to this latter fact we
finally obtain

S,
na=%'l:§a9(e”— 1)+
r Sao . 7
+ — - ol __
(% Jee-n

’,lm=y0S 0[(@’!._1)—%(&2’—1)— (31)

79 Tmo
r S

=&&9 ret _L Aot ]
28 7 @)

8= Sag + Smg + S

From Craic’s (1957, 1958) investigation of
the exchange time for carbon dioxide between
the atmosphere and the sea and the exchange
within the sea the best estimates of Ta-mand Ty_,
at present are 7,_,,=35 years and 7,;_,,= 500—
1,000 years. FErRGussoN and RAFTER (1958) give
a value 7,_,,=3 years. Fig. 1 shows the amount

to be expected in the atmosphere 1954, when.

the total fossil fuel combustion since the middle
of the last century is estimated to have been
13.2% of the previous content of the atmosphere,
for values of t,_,, and Td-m in the vicinity of
those quoted above. It first of all shows that

(L

. \Total output due to

osti
12 v, | combustion

Ta-m * 10yeors
10 %, — Ta-m=Syeors
o, Ta-m= 2 yeors

o |

3 4
' 2 3 4 Kg.m 10 years

5
1
T

o]

* T
1000 500 333 250 200 Td-m yeors

Fig. 1. Net increase of CO, in the atmosphere in 1954
due to release of fossil CO, according to UN-estimates as
dependant on the rate of exchange between the atmos-
phere and the sea and the mixed layer and the deep sea.

the met increase in the atmosphere is almost
independant of the precise rate of exchange
between the atmosphere and the sea. This depends
on the fact that the top layer of the ocean only
need to absorb a small amount of CO, from the
atmosphere as compared to the quantities
released to be in approximate balance. Its capacity
is therefore too small to be of any major impor-
tance. The decisive factor is instead the rate of
overturning of the deep sea. Thus even using
a residence time of only 200 years for the deep
sea water an 8—9 percent increase of CO, in
the atmosphere must have taken place. For
a value of 7;_,,=500 years an increase of the
atmosphere’s content of CO, of about 10 per-
cent would have occurred in 1954. This value
compares very favourably with the value of 10
percent given by CALLENDAR (1958) as the total

" increase until 1955 deduced from a careful sur-

vey of all available measurements.
The results obtained above are, however,

- dependant on our assumptions of the size of

the three reservoirs, i.e. Ny N, and Ny Of
course, the total amount of COyinthe atmosphere,
N, is quite well known, but the division of the sea
into two layers is somewhat arbitrary. It is of
some interest to see how sensitive the solution is .
to a variation of N and N,. Instead of ‘chosin
the values given in (22) we shall assume

Na=O8N,  [N.= 2N, ”
“Ns=60 N, )Nd=59Na (32
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We then obtain the values n,= 10.6% and
n,=10.0 % respectively as compared with n,=
10.3 % previously, using 7, m= Syearsand Tg.m
—500 years. Our solution is quite insensitive to
the exact division of the ocean. However, the
value of the total amount of carbon dioxide in
the sea (~ 61 N,) effects the solution more, but
here we quite accurately know the actual amounts
as just mentioned.

4. The exchange ‘of radio-carbon between the
atmosphere and the sea

ReveLLe and SoEess (1957) assume that the ex-
change of radio carbon between the atmosphere
and the sea takes place independantly of changes
in the distribution of inactive CO,. If this were
the case the decrease of the C'4/C'? ratio in the
atmosphere since 1850, the Stiess effect, would
be a direct measure of the increase of the inactive
CO, during the same time, since fossil fuel
contains no C!4. As a matter of fact, they deduce
an exchange coefficient for transfer of CO, from
the atmosphere to the sea on this bases. As was
indicated in the introduction this is not correct.
The change of pH in the sea will shift the dissocia-
tion equilibrium also for the carbon dioxide
containing C'4. We may assume an equilibrium
rapidly being established and have

N N,
M 33
Nm Nm ( )

where % is dependant on the fractionation. If
changes of N,, and N, occur as discussed in
the previous section, we obtain by variation
the following expression for the changes in N
and N,

Bm By By Ny
L P 34
N, N, N, Np ( )

Making use of (17) we obtain

*/ n;n t 14 nm ’
= NI 411520 N,
m =Ny N, (35)

= Byt + Byl

d
<a—t ko mt l)n; — Byotky - ity

dt
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We see here clearly how a change of the total
amount of CO, in the top layer of the ocean
will influence the amount of radioactive carbon
in the form of CO, and H,CO; and therefore
the partial pressure, which will mean that the
equilibrium with the atmosphere is disturbed.
Actually the amount of C' in the form of
undissociated CO, is much more influenced by
changes in the fotal amount of CO, present in
the water than by changes of the amount of
radioactive carbon dioxide.

Corresponding to the system of equations in
(16) we have the following set describing the
transfer of radioactive carbon

dan,

L R A R

dny,, .

Tﬁ_: kz—mn;_’k;:—an:n,_ s (36)
K - iy + K ity — My

dny ’

@ = km_dnfn—kd-mné—lnfz

Notice here that the exchange coefficients between
the atmosphere and the sea are different from
those used in equation (16) thereby taking into
consideration the fractionation effect. Following
CRAIG (1957) we have

k:n—a km-a N, N,
= = o N 37
et sl et A

where ©=1/1.012=0.988. The deviation of u
from unity will be completely irrelevant in the
following discussion and we will therefore put
u=1 as indicated by the last expression in (37).
We shall also put kj_,, =k, and thus neglect
fractionation. For the exchange between the top
layer of the ocean and the deep sea the exchange
is the same as for inactive ¢arbon with the assump-
tion made that it is due to the motion of sea
water only.

Introducing (35) into (36), taking into con-
sideration (15) and (37) and rearranging terms
we obtain :

- = Byotky - mhm

; d
— kg mnia+ <—+ Byokg—m+ ﬁkd_m+l) Hay — kg g = — Byotks_mltm F (38)

- .Bkd—mn:n +

d .
<E+kd-m+l> ng=0
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We find thus that the changes of »,, appear as
““driving forces™ for the Cl4-system. Knowing n,,
as a function of time, we may calculate the
changes that will occur in the distribution of
radio carbon and thus also compute the Siiess
effect. The problem is implicit, however, since
the distribution of #n,, dependson k,_,,and k;_,,
as shown in the previous section and our problem

is therefore to find the particular pair of values

that are in agreement with observed changes in
the total amount of CO, in the atmosphere and
the changes of the C4/C!?ratio. Eliminating ny,
and n from the equations (38) and in doing so
taking account of the fact that k,_,,> kd m>A
we obtain

d3na d?n}, dan,
d +[(Bza+1)ka m+(/3+ l)kd m] dr? +(1+ﬂ+B2“)ka—mkd—m <Eg—na >=
d2n,, dn,,
=B3ak,,_m[ e +(ﬂ+ I)kd m<—dt— +lnm>:| ) (39)

Now [n,'dn,,/dt|>2 and we shall also assume
that our solution ), satisfies the same relation,
which will be verified a posteriori. It means that

the decay of C' is unimportant for the discussion
of the exchange between the atmosphere and the
sea. We thus finally obtain

*

d3na N, dn,
e +[(Byot + Dkgom+ (B + Dkye ,,,] +(1+/3+Bzoc)ka mka- o =
~ Byka-m [d e (U s | (40)

This equation is principally the same as eq. (18)
and thus possesses a solution of the character
given by (20) where now AI, 1; and 1} are
solutions of an equation similar to (24). From
the three equations (38) and with due regard to
the expression for dn,,/dt given by eq. (16) we
obtain the initial conditions

N dna dzn,, :
fla= dt are =0 (41)

where

and similar expressions for n}, and # if we wish
to study their variations. Introducing the ex-
pression for n, given by equation (31) and
solving for #} we obtain with some simplifications
similar to those done previously

et — 1 _é(el,*t_ 1)] —

-0, [ev-1-2@ -] @)
, A3

[r+(l+ﬁ)kd—m]H )

Q?= r[r?+ {(Byoe+ Dy + (1 + Bka-m} v+ (1 + B + Byoa mka—ml 43)
. 43
0, = [(1+ Bk,- m+22]H
2 A B+ {(Bya+ Vg + (1 + B ka-m}dg+ (1 + B+ By ky_mkam)
having introduced the symbol A and A} according to
_ yO k?z—m(r'l'kd—-m)r ’
H=B,0 *—
o rt (B + Dkgm+ 1+ Bhaemlr+(1+ B+ Bk mka—m (44)
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Fig. 2. The increase of C'* in the atmosphere in 1954

by a net transfer from the sea resulting from release of

fossil CO, and a change of the dissociation equilibrium
in the sea.

Z.;= _ (1+ﬁ’+32a)ka—mkd-m (45)
(1 + By kgom+ (1 + B ka-m

Figure 2 shows the values of n; in 1954 when
the total output of CO, into the atmosphere is
estimated to have been 13.2 %. A more pronounc-
ed variation with the value of 7,_ =k, ,is here
obtained than was the case for n,. This is easily
understandable. The slower the exchange between
the atmosphere and the sea takes place the less
rapid is the response of the sea to changes of
the CO, content of the atmosphere. If 7,_,,=0

N,
and T;-,,=occ obviously 12.5x <"_"'> : <_ﬂ> =1
n, N,

according to equation (17). Computing 7, from

(31) and inserting we obtain here

n N 0.77 2 years
12.5-—2.22-10.73 for T,-mq 5 years;(46)
na N {0.69 10 years

which values are almost independant of the value
of T4_, in the range 200—1,000 years considered
here. The changes of n,, are the “driving force”
for changes in the C* system and again the
slower the exchange between the sea and the

atmosphere is, the greater the lag of the C1*

adjustment in the atmosphere relative to the sea
becomes. . )

The results obtained from eq. (42) are again
quite independant of the exact division of the
ocean into two reservoirs. Making the computa-
tions with the values of N, and N,, given in (32)
yields values of n; only a few tenths of a percent
different from those shown in fig. 2.

By a comparison of the results given by eq.

(31) and (42) we can compute the changes of
the C'4/C12 ratio in the atmosphere, the *“Siiess
effect”. The result is shown .in fig. 3. It is of
special interest to compare these values with

=1
years

ERIKSSON

IOIOO 5E|)0 ~ 33])3 2?0 Z?O'd-m years

—2% _
° Tq-m= Syears

Tg-m = 2 years

Fig. 3. The expected value of the Siiess effect in 1954
for various rates of exchange between the atmosphere and
the sea and within the sea.

—4%

—6% -

—8 %

actually observed values. Siiess’ measurements
give an average value of —1.7 % which may be
considered representative for about 1946 (RE-
veLLE and SUESs 1957). BROECKER and WALTON
(1959) have found a value of —2.9% for 1938,
and a lower value of — 1.8% for 1954. The latter
sample may, however, already have been influ-
enced by the Castle tests in the Pacific early in
1954. Finally DE VRies (1958) gives a value of
—2.99% for 1954. Summarizing these measure-
ments a value of —2.5 to — 3 % seems .plausible
for the Stiess effect in 1954 before any appreciable
amounts of C** had been introduced into the
atmosphere due to atomic bomb tests. More
measurements from all over the world would,
however, be desirable to determine this value
more accurately. It is seen from fig. 3 that the
computed value is somewhat larger particularly
if the exchange between the three reservoirs is
relatively slow. :
CraiG (1958) has given the value 7,_,=35
years as the most likely value for the exchange
time between the atmosphere and the sea. It is
obtained by studying the difference in the C'4/
C!z ratio in the atmosphere and the sea with
due regard taken to fractionation. It is further-
more assumed that the Siiess effect is — 1.25%,
which seems to be an underestimate even if it is
true that some of the values later reported perhaps
are not truely representative. Chosing a value of
— 39 would vield a value of about 3 years.
However, due to the fact that a net transfer of
.CO, from the atmosphere to the sea occurs at
present (N,+n,) (N, + np)~! is somewhat larger
than would be the case in equilibrium. On the
other hand a net transfer of C'¢ takes place
from the sea to the atmosphere and therefore
(N2 +13) (N%+n)~ is smaller than in equilibri-
um. The deviations are larger the slower the
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ka-bNO
ATMOSPHERE BIOSPHERE
N - N, =O5N_
b a
g kp-aNp
kKaemNaY Nkm-aNm kh-aNh /kb-hNb
MIXED LAYER HUMUS
Np= L2Ng N, =15Ng
km-de kd-mNd
DEEP SEA
Nd=60Na

Fig. 4. Model of the CO, exchanée between the deep
sea, the mixed layer of the sea, the atmosphere, the bio-
sphere and humus on land.

exchange between the atmosphere and the sea-

takes place. Thus the difference of the C14/Cr2
ratio in the atmosphere and the sea (corrected for

fractionation) should be larger in the equilibrium.

case than in the case where a net transfer occurs
as indicated here. ‘

1t should be pointed out at this moment that
similar deviations of the C13/C12 ratios from
the equilibrium values may occur if the net
transfer of C'3 and C'2 are different. This. is
important since all C measurements are
corrected for fractionation with the aid of the
C13/C12 ratio. Obviously such a procedure
assumes equilibrium conditions. In the case of
exchange between the atmosphere and the sea
this need not be the case as we have shown
above. It so happens, however, that the ratio
C13/C12 is almost the same in fossil fuel as in
the atmosphere, the difference being only about
2 %. Thus no significant errors are therefore
introduced in assuming equilibrium conditions.

With the model presented above one can now-

easily compute howvlarge the deviations from
equilibrium are which are due to the fact that
a net transfer of both inactive and radioactive

carbon occurs. The most likely- value of the

exchange time again becomes Ta-m=25 years.
Measurements of C4 in the deep sea BROECKER

(1957) and RA¥TER and FERGUSSON (1958) in

many cases indicate an age relative surface

waters of 500 years or more and the interpretation
of these values are not essentially influenced by
considerations of the kind presented here. It is
thus seen from fig. 3 that the computed value of
the Stiess effect should be around — 5 % in
comparison with the observed value of about
—3 %. There may be many explanations for
this discrepancy but first of all the accuracy of
our model is not greater than it could be explained
merely as due to this crudeness. Our assumption
of a well-mixed deep sea is of course an unrealis-
tic one-and a more complete formulation of the
problem in this respect seems very desirable. Sec-
ondly, we have completely neglected the effect of
the biosphere on land. In view of the relatively
small buffering effect of the sea the changes of the
CO, (as well as C1*0,) content of the atmosphere

" are here computed to be quite large. One may

therefore very well expect that the biosphere also
is influenced in some way (cf. ErxssoN and
WELANDER, 1956).

5. Estimates of the effect of CO, exchange
between the atmosphere and the biosphere

The amount of carbon stored in the biosphere
on land N, is not very well known. Different
estimates give values varying between 12 %
(Cra1G, 1957) and about 85 % (ErikssoN and
WELANDER, 1956) of the amount present in the
atmosphere. Estimates of dead organic matter,
humus (¥p), also vary considerably, between
values of 1.1 N,to 1.7 N,. For the following
estimates we shall assume N,=0.5 N, and N;=
=15N,.

We may now extend our previous model of
the CO,-exchange in nature to the one depicted
in fig. 4, which in case of equilibrium has been
studied by Craic (1957). In complete anology
with the previous analysis we obtain in the
equilibrium case

“ka—mNa'l‘km—aN;n— a—bNa+
+kb—a]vb+ kh—aNa—_IO
kap No—ky_ oNy—ky_ 1N, =0
“kh—aNh +ky_ 1 Np =0 (47)
ka-—mNa""km—aN;n“‘km—de'i' .
- +kd_mN,1=0
km_aNg—ki_ Ny =0

Again denoting the deviations from equilibrium
due to fossit fuel combustion by n; we obtain
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dn, ’

E;+ka4mna—km—anm+ka—bna_' W
— ky_ oty ~ kp-anp = y(0)

dn

—Jf_— a—bna+kb—anb+kb—hnb =0

dn

—d?h-+kh-anh—kb_hné =0 (48)

dn '

’dfz_ka—mna’kkm—anm"'km—dnm_

—ki_mha=0
. dn
’E;'— m - dtm + Ka-mha =0

It is hardly justified to carry through such a com-
plete analysis here as presented previously in
view of the fact that the assumptions made about
the exchange processes between the atmosphere,
biosphere and humus are more doubtful. An
estimate shows, however, that n,~ +7% if we
asSUme T,_, =3 years, Tg_n, =500 years, 7,_p=
=30 years and 7p_,=230 years compared with

10 9% in the case of no net increased assimilation

as a result of increased CO, content of the
atmosphere.

Obviously the distribution of C1*O, between
the various reservoirs also is influenced by an
exchange with the biosphere and this  would be
the case even if no net increase of inactive CO,
in the biosphere and in the humus has occurred.
We can obtain a lower limit for the Siiess effect
if we assume an infinitely rapid adjustment of
the C4 content between the. four reservoirs,
the atmosphere, the mixed layer of the sea,
the biosphere and humus, i.e. the Suess effect is
the same in all reservoirs and also considering

- that no C% is supplied from the deep sea to

these reservoirs. Since N,,+ N +Np+N,~4 N,
and since the exchange between the mixed layer
and the deep sea is comparatively slow so that
only a small part (0.02—0.04 N,) of the fossil
CO, released until 1954 (~0.13 N,) has found
its way into the deep sea we estimate that the
Siiess effect should be 2—2.5 %. As pointed out
previously the observed Siiess effect was about
—3¢, in 1954 which is in very good agreement
with this estimate.

6. Forecast of the CO, changes in the atmos-.

phere during the remainder of the 20th
century

Certainly the estimates presented above are
partly quite uncertain but it is of some interest

50 %+ Output due to combustion

40 %

30 %

20 % Likely ronge for

€O, increase inthe
otmosphere
10 %

1880 1900 1950 2400 year

Fig. 5. Estimate of likely range for CO, increase in the
atmosphere as a result of fossil fuel combustion accord-
ing to UN estimates.

to see what they imply with regard to future
changes of the CO,-content of the atmosphere.
An upper limit is obtained-if neglecting the
exchange with the biosphere as done in section 4.
A lower limit on the other hand is determined if
an infinitely rapid exchange between the atmos-
phere and the biosphere takes place and ob-
viously this would be equivalent to putting N,
equal to the sum of the CO, found in the at-
mosphere, the biosphere and the humus. Intro-
ducing the values for the various residence
times as given in the previous section yields a
forecast in between these two extremes. Fig. 5
shows the variations to be expected until year
2000 based on an output of CO, into the at-
mosphere as given by table 1. The most likely
value for n, at that time seems to be about
+ 25 9%, it may possibly be larger but probably
not exceed 40 %. These values are considerably
larger than those estimated for example by
ReverlE and SUEss (1957). The implications
with™ regard to the radiational equilibrium
of the earth in such a case may be considerable
but falls outside the scope of this paper.

Fig. 5 also shows that the present increase of
CO, in the atmosphere probably is 0.1—0.3 %

per year. Recent measurements in regions far

away from industrial areas such as Hawaii and
the Antarctica (personal communication from
Rakestraw) show remarkably constant values of
the CO, content in the atmosphere throughout
the year. It should therefore be possible within
a few years to observe whether an increase
occurs with this computed rate or not.
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